Calcitonin gene-related peptide has potent vasodilatory and inotropic actions. The aim of this study was to characterize the changes in this peptide in children with varying degrees of heart failure secondary to congenital heart disease with left to right shunt and to assess its relationship to systolic pulmonary arterial pressure.
tide vasodilator to date. [5] [6] [7] [8] Previous reports on the changes of CGRP in congestive heart failure (CHF) are conflicting and the regulation of CGRP production is poorly understood. In adults with CHF secondary to impaired systolic function, the plasma concentration of CGRP has been reported to be unaffected, decreased, or increased. [9] [10] [11] In children with congenital heart disease (CHD), CHF is often caused by pulmonary overcirculation. Changes in plasma CGRP levels in CHF secondary to CHD with increased pulmonary flow have not been previously demonstrated.
In order to evaluate the effect of pulmonary blood flow on plasma CGRP levels and the possible role of CGRP in the pathophysiology of CHF caused by CHD, the objectives of this study were: (1) to characterize the changes in circulating CGRP levels in children with varying degrees of CHF secondary to CHD with left to right shunt and (2) to assess the relationship of the CGRP levels to systolic pulmonary arterial pressure.
METHODS
Subjects : We performed a prospectively designed assessment of clinical and laboratory parameters in 118 pediatric patients (55 males, 63 females) with CHD and 13 healthy control subjects. Written informed consent was obtained from the parents of all children prior to the study and the investigation conformed with the principles outlined in the Declaration of Helsinki. The project was approved by the local scientific ethics committee.
Control subjects classified as group A were children with functional heart murmurs. Patients with CHD were divided into two groups according to the presence or absence of CHF. Group B consisted of 75 patients with left to right shunt CHD but no CHF, including 33 with ventricular septal defect (VSD), 27 with atrial septal defect (ASD), 9 with patent ductus arteriosus (PDA), 3 with atrioventricular septal defect, and 3 with ASD and VSD. Group C was made up of 43 patients with CHF due to CHD with left to right shunt, including 25 with VSD, 7 with ASD, 5 with atrioventricular septal defect, 3 with PDA, and 3 with VSD and PDA. No patient in either group B or C received any operation or catheter intervention at the time of recruitment. The degrees of heart failure were estimated at the time of blood sampling, before further intervention. According to the clinical severity of heart failure in infants and children classified by Ross, et al 12) the patients in group C were further divided into three groups. Group CI, including 15 individuals with mild tachypnea or dyspnea on exertion, represented mild CHF. Group CII, comprising 12 patients with growth failure and prominent dyspnea on exertion, represented moderate CHF. Group CIII, consisting of 16 patients with chest retraction and diaphoresis at rest, represented severe CHF. At recruitment, all subjects had their age, weight, height, heart rate, hemogram, and blood pressure recorded. Transthoracic echocardiography was performed in all subjects to record the left ventricular ejection fraction and percentage of fractional shortening. Systolic pulmonary arterial pressure was also measured in Doppler cardiography by extrapolation (modified Bernoulli equation) from the maximum pressure gradient in tricuspid regurgitation, 13) or from the pressure gradient between the left to right shunt if no tricuspid regurgitation was found. 14) Chest radiographs were taken in all subjects except for group A and interpreted by three experienced pediatric cardiologists to determine if there was increased pulmonary vascular markings. The clinical and hemodynamic characteristics of the study subjects are listed in Table I and Table II , respectively. Blood sample analysis: CGRP was measured by RIA using previously described procedures. 15) Samples for CGRP assays were obtained from the venous blood from each fasting subject after a 20-minute rest in the supine position. All of the (16) 83. EF indicates ejection fraction; FS, fractional shortening; PASP, pulmonary arterial systolic pressure; and SBP, systolic blood pressure. PVM increase (%), number and percentage of patients with pulmonary vascular markings (PVM) increase. Values are mean ± SEM. *P < 0.001 versus group A; # P < 0.01 versus group B; **P < 0.0001 versus group B, †P < 0.05 versus group C-I.
samples were collected into blood bottles containing EDTA + aprotinin and then placed immediately on ice. After centrifugation, the supernatant was collected and stored at -80°C for further analysis. Plasma levels of CGRP were measured using a commercially available radioimmunoassay kit, as per instructions (RIK 6009, Peninsula Laboratories, USA). Plasma samples for CGRP analysis were extracted using Sep-pak C-18 cartridges (Waters, USA). The column was preconditioned with 1 mL buffer B [60% acetonitrile in 1% trifluoroacetic acid (TFA) followed by three washes with 3 mL buffer A (1% TFA)]. Acidified plasma (1 mL plasma acidified with 1 mL of 1% TFA) was loaded onto the conditioned column and allowed to pass without applying any pressure. The column was then washed two times with 3 mL of buffer A. Bound CGRP was eluted from the column with 3 mL of buffer B and collected into polypropylene tubes. The eluate was evaporated to dryness under a centrifugal concentrator.
Each residue was reconstituted with 250 µL of assay buffer. Reconstituted extract (100 µL) was incubated with 100 µL of antiserum at 4°C for 24 hours. Following this preincubation, 100 µL of radiolabelled CGRP was added and the assay incubated for a further 24 hours at 4°C. Separation was effected by the addition of 100 µL of goat anti-rabbit IgG serum, followed by 100 µL of normal rabbit serum. Samples were incubated at room temperature for 90 minutes. Assay buffer (0.5 mL) was added to each tube and the tube was centrifuged at 3000 rpm for 20 minutes at 4°C. The supernatant was aspirated and the radioactivity in each tube determined by counting for 120 seconds on a gamma counter. The sensitivity of the assay was 1 pg/mL and the intra-and interassay coefficients of variation were 6 and 9%, respectively. All of the samples were assayed in one batch. Statistics: All results are reported as the mean ± SEM. Groups were statistically analyzed using the unpaired Student's t-test or ANOVA, except for the percentage of patients with increased radiographic lung markings, which was analyzed by the Chi-square test. Simple linear regression analysis was performed to correlate CGRP and systolic pulmonary arterial pressure. A P value of less than 0.05 was considered statistically significant. Analysis of the data and plotting of the figures were done with the aid of computer software (SigmaStat and SigmaPlot, San Rafael, CA, USA; GraphPad PRISM TM , San Diego, CA, USA) run on an IBM compatible computer and a Power Macintosh.
RESULTS
There were no significant differences in the clinical characteristics, including age, body weight, height, hemoglobin, hematocrit, and platelet count among all groups (all P > 0.05) ( Table I) . Table II shows the hemodynamic features of all Vol 46  No 5 subject groups. There were no significant differences in pulse rate, systolic and diastolic blood pressures, echocardiographic fractional shortening, or ejection fraction in all groups (all P > 0.05).
In terms of pulmonary circulation (Table II) , the systolic pulmonary arterial pressure in group C was significantly higher than those in group A and group B (both P < 0.01). Within group C, the systolic pulmonary arterial pressure increased when the severity of the clinical CHF increased, but there was no significant difference (P = 0.12). The pulmonary vascular markings of the chest radiographs were significantly increased in group C compared to group B (60.5% versus 17.3%, P < 0.0001). Within group C, there were more patients with increased pulmonary vascular markings as the CHF became more severe, but there was no significant difference, except when group CIII was compared with group CI (P < 0.05). Figure 1 shows the plasma CGRP levels in each group. In group C, the CGRP concentrations were markedly elevated as compared with those in group A (15.8 ± 2.1 versus 7.0 ± 0.8 pg/mL, P < 0.05) and group B (15.8 ± 2.1 versus 8.6 ± 1.2 pg/mL, P < 0.01). Within group C, the levels of CGRP increased as the severity of CHF increased (CI, 10.3 ± 2.5; CII, 11.7 ± 2.0; CIII, 24.0 ± 4.1 pg/mL, P < 0.01). When group C was compared with the control group, there were no significant differences between CI and the control (P = 0.24), but CII and CIII were significantly different from the control (P < 0.05 and P < 0.001, respectively). In addition, CIII was significantly different from the control, CI, and CII groups (P < 0.001, P < 0.01 and P < 0.05, respectively). After assessing the relationship between CGRP levels and systolic pulmonary arterial pressure in all of the subjects using linear regression (Figure 2) , it was found that there was a significant positive correlation between plasma CGRP and systolic pulmonary arterial pressure (y = -0.56 + 0.35x, r = 0.515; P < 0.0001).
DISCUSSION
In adults, CHF can be caused by impaired systolic function and a range of neurohumoral substances have been suggested as markers for detection or evaluation of CHF. 16) However, in infants and children the most common etiology of CHF is CHD and increased pulmonary blood flow plays an important role in the pathogenesis in CHF secondary to CHD. A number of endogenous lung peptides are involved in maintaining balance in the pulmonary circulation, while endothelin-1 (ET-1) is the most potent vasoconstrictor and CGRP is the most important vasodilator with positive inotropic effects. [5] [6] [7] [8] We have previously demonstrated the effects of increased pulmonary flow on ET-1 in animals with left to right shunt and in children with CHF caused by CHD. 17, 18) The present study shows that plasma concentrations of CGRP are significantly elevated in relation to the clinical severity of CHF. Moreover, we have also demonstrated that increased pulmonary arterial pressure caused by left to right shunt correlates with increased plasma levels of CGRP. These results suggest that pulmonary overcirculation may be important for the regulation of CGRP production in pediatric CHF, which to our knowledge, has not been reported previously. In the cardiovascular system, CGRP is mainly confined to the nerve fibers in the heart and around the blood vessels, and is involved in the regulation of a number of cardiovascular functions. 4) CGRP has positive inotropic and chronotropic effects on the heart and is an extremely potent central and peripheral vasodilator. [5] [6] [7] Unfortunately, previous reports on the changes in CGRP in CHF are conflicting. In adult patients, CHF is often caused by impaired systolic function, and the plasma concentration of CGRP here has been reported to be unaffected, decreased, or increased. [9] [10] [11] In other conditions with volume overload states, such as pregnancy, hepatic cirrhosis, or hemodialysis, increased levels of CGRP are also observed. [19] [20] [21] In hemodialysis patients, the plasma levels of CGRP were significantly higher in patients with fluid excess and correlated positively with the degree of fluid overload. 21) In our patients, the CHF was mainly due to pulmonary flow overload rather than systolic dysfunction, as many of our patients with CHF have normal echocardiographic ejection fractions but increased radiographic pulmonary vascular markings. Consistent with previous studies regarding fluid overload, our results revealed that plasma CGRP levels are also increased in states of volume overload in the pulmonary circulation. We have also demonstrated for the first time that CGRP may be a marker of CHF secondary to CHD with left to right shunt, especially when CHF is severe.
CGRP is believed to play an important role in the modulation of pulmonary vascular tone, but the regulation of CGRP production is not fully understood. CGRP effectively dilates precontracted pulmonary arteries in vitro. 22) Recently, it was found that in patients with systemic sclerosis and pulmonary hypertension, there is a positive correlation between CGRP and systolic pulmonary arterial pressure. 23) The similar positive correlation between CGRP and pulmonary pressure in our study suggests that changes in pulmonary arterial pressure may possibly play a role in the mechanism of CGRP production. Tjen, et al previously showed that exogenous CGRP reduced pulmonary artery pressure in hypobaric hypoxic rats. 24) However, in this animal model, the increase in pulmonary arterial pressure correlates with declining blood CGRP levels.
25) The possible explanation for the difference may lie in the fact that in CHD with left to right shunt, the pulmonary circulation is often hyperoxic rather than hypoxic. Accordingly, we propose that in patients with increased pulmonary arterial pressure caused by fluid overload, the mechanism of CGRP regulation may be different from that with hypoxic pulmonary hypertension.
Previous studies have demonstrated that CGRP has inhibitory effects on sympathetic nervous activity in the central nervous system. 26, 27) The sympathetic nervous system plays a major role in cardiovascular adaptation to CHF, which is associated with augmented activity of the sympathetic nervous system, reflected in increased norepinephrine excretion. We have previously reported that elevated plasma norepinephrine levels occur concurrently with increases in the severity of CHF in children with CHD. 28) In addition to the sympathetic system, CGRP is also closely related to ET-1. It was recently found in rats that CGRP plays a compensatory role in preventing ET-1-induced elevation in blood pressure. 29) In a rat model of CHF with pulmonary hypertension, we also showed that the endothelin system is upregulated. 30) In the present study, even though the exact regulatory mechanisms of CGRP production are unclear and require investigation in the future, we assume that the increase in CGRP in CHF may be considered as a compensatory response to counteract the increased pulmonary arterial pressure or vasoconstrictor effects of the sympathetic or endothelin system.
The limitation of this study concerns the relatively small number of patients assigned to each subgroup of CHF (group C) and the hemodynamic changes regarding pulmonary circulation in radiography or echocardiography among these subgroups were mostly not statistically significant, although they may well be clinically meaningful. A much larger population would have been required to confirm or refute this. Another limitation is that the degree of increased pulmonary flow could only be evaluated indirectly by the radiographic pulmonary vascular markings rather than directly measured because invasive cardiac catheterization was not justified in most of our patients. To minimize the bias in the assessment by chest radiography, the chest radiograph was interpreted by multiple observers in our study.
In conclusion, CHF secondary to CHD with increased pulmonary flow is associated with elevated levels of CGRP that are related to disease severity. Systolic pulmonary arterial pressure is positively correlated with levels of CGRP and pulmonary overcirculation may play a role in the upregulation of CGRP in CHF.
